Abstract: A pulverized coal processing system for producing coal powder used in aluminum alloy smelting process was introduced. The explosibility of the coal used in the system was measured, and the hazards of the process were analyzed. Explosion prevention and protection methods applied in the process were described including atmospheric inerting, powder inerting and venting. Atmospheric inerting is the main method to prevent dust explosions in this process. Process monitoring and control are parts of explosion protection in combustible powder manufacture. Process parameters such as temperatures and concentrations of CO and O 2 are monitored by a distributed data acquisition and control system. Spontaneous combustion of coal is the most possible ignition source, and CO monitoring is an effective method to detect spontaneous combustion. Experiences show that, auto-ignition may occur in the drying system when CO concentration is above 500 ppm. When the oxygen concentration is controlled at less than 5%, there will be no explosion hazard in the coal pulverization and drying process.
Introduction
Pulverized coal producing processes are widely used in thermal power stations, cement and iron-smelting industry. Many accidents and protection techniques have been reported by former investigations [1] [2] [3] . Normally, the traditional coal process systems use ball mills to pulverize coal. Flue gases are used as drying and conveying medium in the pulverizing process. The present coal process system is different with the traditional coal process system widely used.
In the present investigation, pulverized coals with high volatile contents are used as deoxidizer in aluminumsilicon smelting process using "Submerged Arc Furnace" (SAF) method. SAF method is a new technique for aluminum-silicon alloy smelting. It can use kaoline partially instead of alumina and saves alumina resources and a lot of energy. China has rich kaoline resources, so aluminum alloy smelting process using SAF method has benefits in both economical and environmental aspects.
However, explosion hazards must be considered in the designing and operation of the coal process system.
Hazard analysis of the process
The process is shown as Figure 1 .
Raw coal is conveyed from the storehouse by a belt conveyer. Then it is lifted to the entrance level of a vertical cylindrical mill by a bucket elevator, and an electromagnet is used to remove iron objects from the raw coal.
The raw coal is pulverized in the vertical cylindrical mill, and the pulverized coal is lifted to a powder separator by another bucket elevator. The powder separator consists of a centrifugal rotor, 6 cyclones and a self-recycling pneumatic system. Large size particles return to the mill, and fine powder is collected by cyclones and then deposits at the bottom hopper of the separator.
Pulverized coal enters the rotating dryer and goes through the dryer while the dryer is rotating. There are crooked steam pipes inside the rotating dryer serving as heat exchanger. The temperature inside the dryer is 135°C. The heated air inside the dryer brings away the vapor extracted from coal particles.
A rotating cooler is used to cool coal powder to 50°C. Then cooled coal enters an intermediate vessel and is sent to a silo using a pneumatic conveying duct.
Heated air enters the dryer from the left end and exits from the other end and brings the vapor extracted from the coal particles. A primary and a secondary bag filters are used to remove coal particles in air. In the cooling condenser, vapor is removed from air. Then cold air is heated by an electrical heater and enters the dryer again. Nitrogen is introduced from the left end to dilute oxygen concentration inside the dryer. An evacuation pipe is installed on the main recycling pipe between the fan and the condenser.
The explosion characteristics are shown in Table 1 . The ignition energy of the coal powder is 50mJ, so electrostatic and mechanic sparks should be considered as ignition sources. The explosion index K max is less than 10 MPa.m/s, so venting and suppression are effective for the coal powder.
Table 1: Explosion characteristics of the coal powder
Experiences indicate that the most possible ignition sources in coal processes are self-ignition. Self-ignition of coal can't be prevented only if the atmosphere is diluted by inert gas. Accidents statistics show that, most accidents took place during system restart or stop. Feature: Coal Pulverization System: Explosion Prevention and Process Control
Explosion prevention and protection
Principle of dust explosion prevention and protection has been introduced by Eckhoff [4] . The main methods used in this system include atmospheric inerting, powder inerting (during stop and restart) and venting. Process control is also a part of explosion prevention.
Atmospheric inerting
It is impossible to control the dust concentration under explosion limit, so the practical methods of explosion prevention are prevention of ignition sources and control of the oxygen concentration in the system.
The limiting oxygen concentration (LOC) measured at ambient temperature is 11%. The LOC at 135°C calculated by equation (1) [5] is 9%. ,
where T 0 is the reference temperature.
The set point at which nitrogen is supplied is 5%, and the trip point at which system shutdown is initiated is 8%. Because there are venting disks that can't withstand pressure above 0.05 MPa, flowthrough an inerting method is used [6] .
Powder inerting
Before system start and after system shutdown, kaolin is used as processed material instead of coal. There is a branch connection (diverter) between the rotating cooler and the kaolin silo, and processes material can be direct to the kaoline silo when necessary (Figure 1) . Kaolin can fill the corners of equipment so smouldering nests are not easy to formed there. Kaoline also mixed with existed coal in equipment and the mixture will be much less dangerous.
Venting
Venting is a convenient, cheap solution as a kind of protective methods. Venting is applied on the bucket elevators, the mill, the powder separator, the rotating dryer, the rotating cooler, the filters and the pipes.
The venting design of bucket elevator is according to Holbrow et al. [7] The venting design of vessels is according to VDI 3673 [8] .
Other preventive methods
Hazardous areas are classified according to IEC 61241-10 [9] . Electrical apparatus are chosen according to the hazardous area classification and minimum ignition temperature.
Explosion proof type DIP B 21 T4 is chosen for all electrical motors and electro-magnetic valves.
Water nozzles are installed around the top of outside silo wall and water cooling is activated in summer when ambient temperature is above 34°C.
The drier, the cooler, and the coal silo are connected to a steam supply to distinguish spontaneous combustion when required. Steam is only expected to use when nitrogen can not solve the problem because its use will contaminate the processed material.
Process monitoring and control
The monitored parameters are listed in Table 2 .
Flexible thermocouple line detector (FTLD) enwrapped by copper tube is installed on the inner silo wall in a spiral form and the axis of the silo. FLTD is a special kind of thermocouple which can detect the maximum temperatures along the cable (Figure 2) . Negative temperature coefficient (NTC) material is filled between two metal wires. NTC material has higher resistance at lower temperature. When there is a high temperature (T 1 ) at any point along the FTLD, the location with temperature rise will form a temporary junction. If there is another location at higher temperature (T 2 ), temporary junction will move to that location.
The pulverized coal process system is controlled by a distributed control system (DCS). The DCS include a computer, 2 PLCs (programmable logic controller) connected with touch screens, and some remote data acquisition modules (Figure 3) .
Raw coal storage temperature sensors are connected to the remote data acquisition modules. Remote data acquisition module is relatively cheaper than A/D module of PLC.
RS-485 data bus is used to connect the computer, the PLCs and remote data acquisition modules. The computer is used to record values of the process parameters and system events such as start and stop of motors.
Before the coal processing start, inerting system runs until oxygen concentration is below 5%. During the operation and after the coal processing is stopped, inerting system (including the fan) continuously to run to maintain oxygen concentration below 5%.
There are catenation relations between: (1) sensor and devices, (2) devices and devices. So in case of emergency, the system can deal with it properly and automatically. 
Feature: Coal Pulverization System: Explosion Prevention and Process Control
The controlling logics are:
(1) In start procedure, the down-stream devices run before the up-stream devices, so block-up can't occur.
(2) In stop procedure, the up-stream devices stop before the down-stream devices, so there will be little coal (if there is any) on or inside equipment after system being stopped.
Analysis of accidents
One accident took place in the raw coal storage house in summer, while the maximum ambient temperature was 34°C and the pile height is about 1.5m. A small fire took place, and it was detected and extinguished in time. Thus, a regulation is issued that height of coal pile should not exceed 1 m, and when the temperature inside coal is more than 50°C, the raw coal piles should be turned over. After that, no accident in raw coal storage has occurred.
Another spontaneous combustion took place in the entrance of the dryer, when the nitrogen generation system was in repair. The nitrogen generation system was shut up at 8:00. After about 6 hours after stopping inerting, the CO concentration started to increase, and after more than 9 hours, CO concentration increased up to 2500 ppm. When nitrogen was introduced and fan was started, CO concentration decreased to almost zero in about half an hour. Experiences show that self-combustion may have occurred when CO concentration is above 500 ppm.
Conclusion
The coal processing system has run for about 2 years, and no serious accident has occurred. The design of dust explosion prevention and protection is reliable.
Atmospheric inerting is the most important prevention method for coal producing and drying process.
Spontaneous combustion of coal is the most possible ignition source, and CO monitoring is an effective method to detect spontaneous combustion. To avoid spontaneous combustion of raw coal, the pile height should not exceed 1 m in summer, and inerting system as well as the fan must work when coal processing is stopped.
Process monitoring and control are important parts of explosion prevention, and reasonable automation design is necessary for system safety. 
